The deduced amino acid sequence of bull sperm, SPAM1, suggests that it possesses a transmembrane domain between the hyaluronidase and the putative zona pellucida (ZP) binding domains. The objective of this study was to determine the orientation and localization of SPAM1 in order to understand how it could fulfill these two roles. We report that two isoforms of SPAM1 are present on ejaculated bull spermatozoa: one localized on the anterior portion of the sperm head, and the other on the postacrosomal portion of the head. The first isoform is expressed intracellularly, while the second one is detected at the sperm surface with its hyaluronidase domain facing the extracellular environment. Two-dimensional electrophoresis revealed that the two isoforms have different masses (80 and 70 kDa, respectively), and LC/MS/MS analyses confirmed our previously published deduced amino acid sequence of bovine SPAM1. In addition, this approach showed that the 70-kDa isoform differs from the 80-kDa isoform in its C terminus. Our results suggest that the shorter SPAM1 form originates from the epididymis, while the longer one is produced during spermatogenesis. These results clearly demonstrate that ejaculated bull sperm possess two forms of SPAM1: one (epididymal) expressed at the surface, and one (testicular) that interacts with the ZP after the acrosome exocytosis.
INTRODUCTION
The penetration of the cumulus matrix and the successful interaction with the zona pellucida are vital events that spermatozoa must achieve in order to fertilize the egg. Many studies have been performed in order to highlight proteins implicated in these processes. From these studies, one major sperm protein that is essential for the achievement of fertilization has been identified: SPAM1, previously called PH-20. This protein, first identified in guinea pigs [1] , has been described in many species, including mouse [2] , rat (2B1) [3] , macaque [4] , fox [5] , human [6] , horse [7] , pig [8] , sheep [9] , and cow (p80) [10, 11] . Not only is SPAM1 found in the testis and sperm cells, but also in the epididymis [12] and other extratesticular duct and accessory organs [13] . Its presence has also been reported in the female reproductive tract [14] , as well as in chondrocytes, synoviocytes, and dermal fibroblasts [15] .
In addition to its involvement in the interaction between spermatozoa and the cumulus matrix surrounding the oocyte [6, 10, [16] [17] [18] , SPAM1 is important during the secondary binding of acrosome-reacted spermatozoa to the egg's zona pellucida [16, [18] [19] [20] . Those roles are clearly identified by two distinct domains on the protein: the hyaluronidase domain, localized in the N-terminal portion of the protein, and the zona pellucida binding domain, in the C-terminal portion of SPAM1 [16, 21] . However, since a glycosyl phosphatidylinositol (GPI) anchor is present at the C-terminal extremity of the protein in numerous species [22] , the two active domains of the protein would be exposed to the extracellular milieu.
A bovine sperm protein of 80 kDa, termed p80 after its migration on SDS polyacrylamide gel, was characterized in our laboratory and shown to possess numerous similarities with SPAM1 [10, 11] . Like SPAM1, p80 is expressed mainly in the testis, possesses N-and O-glycosylation sites, and shares 47% to 61% of amino acids homology with the protein from different species. It is localized in the postacrosomal and acrosomal areas of bull spermatozoa, and its hyaluronidase activity, evaluated by zymogram assay, is higher at neutral than at acidic pH. On the other hand, bull sperm SPAM1 also possesses some specific characteristics, one of which is the absence of a GPI anchor [10] . This lack of a GPI anchor, also reported for the red fox [5] , agrees perfectly with the absence of a consensus amino acid sequence motif for this structure [11] . According to the deduced amino acid sequence, bovine SPAM1 possesses two putative transmembrane domains [11] . Since one is found in the signal peptide that is normally removed from the mature protein, only one transmembrane domain would remain. This domain is located at the end of the hyaluronidase domain, and would separate it from the putative zona pellucida binding domain. This would result in the presence of the two functional domains of the protein on either side of the sperm membrane.
Therefore, one could ask how bovine SPAM1 interacts with the hyaluronic acid present within the cumulus, and how could it interact with the zona pellucida upon the acrosomal exocytosis if only one of these two domains is exposed on the sperm surface. In bull sperm, as SPAM1 might be inserted in the membrane via a transmembrane domain, the aim of the present study was to clearly determine how SPAM1 is oriented within sperm membranes, and whether or not it is involved in sperm/zona pellucida interactions that occur during fertilization. The results of this study provide important information on how SPAM1 fulfills its role as a hyaluronidase and a zona pellucida binding protein in bull sperm.
MATERIALS AND METHODS
Bull tissues were obtained from a local slaughterhouse and brought, on ice, to the laboratory within 2 h after animal death. TRIzol reagent, SuperscriptII reverse transcriptase preamplification system, dNTP, and Alexafluor 488-conjugated goat anti-mouse IgG were from Invitrogen (Burlington, ON, Canada). RNase-free DNase and pGEM-T Easy vector were from Promega (Madison, WI). Phusion High-Fidelity DNA Polymerase, Nde1, and BamH1 restriction endonuclease were from NEB (Boston, MA). Transfection vector pET16 was from Novagen (VWR, Mississauga, ON, Canada). Taq DNA polymerase and RNeasy kit for RNAclean up came from QIAGEN (Mississauga, ON, Canada). Poly d(T) [12] [13] [14] [15] [16] [17] [18] oligonucleotide primer, enhanced chemiluminescence (ECL) kit for Western blot detection, monoclonal anti-Histag antibody, and donkey anti-rabbit IgG coupled to horseradish peroxidase (HRP) were from Amersham Biosciences (Baie d'Urfé, PQ, Canada). Protein molecular weight standards were from Bio-Rad (Mississauga, ON, Canada). Nitrocellulose membrane (0.22-lm pore size) was from Micron Separations Inc. (Westboro, MA). BCA protein assay kit was from Pierce (Rockford, IL), Deglycosylation Kit, nonimmune mouse and rabbit IgGs, FITC-labeled peanut (Arachis hypogea) agglutinin (PNA-FITC), protease inhibitors (aprotinin, leupeptin, pepstatin A, and PMSF) were from Sigma (St. Louis, MO). Goat anti-mouse IgG coupled to HRP and goat anti-rabbit IgG coupled to fluorescein or rhodamine were from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA). All other chemicals were reagent grade. Nucleic acid sequencing was done by the core sequencing facility at our research center (Plateforme de séquençage et de génotypage des génomes du Centre de Recherche du CHUL [CHUQ] ).
Antibodies
For this study, two antibodies were used. The first one was a monoclonal antibody (203-7D10) produced from hybridoma culture (American Type Culture Collection, Manassas, VA). This antibody, raised against amino acids 2-17 of p60 v-src , was shown to recognize specifically SPAM1 in bovine sperm [10] . The second one, anti-p80, is a custom-made rabbit polyclonal antibody developed by Affinity Bioreagents (Golden, CO), and directed against the amino acids 535-550 of the bull sperm SPAM1 protein (p80; GenBank no. AY781776).
Construction and Expression of Recombinant Bovine SPAM1 Partial Domains and Characterization of the Antibodies
Complimentary DNA encoding for partial domains of bovine SPAM1 was subcloned in pET-16b vector according to the following procedure. PCR fragments were first generated from pGEM-T EASY plasmid containing fulllength bull SPAM1 (GenBank no. AY781776) [11] using primer pair #1; p80 5 0 open reading frame (ORF) (5 0 -GCTCTTTCATATGAGAATGCTGAGG-3 0 ) and p80 partial rec 3 0 (5 0 -ATGGGATCCTAGACACGATTACG-3 0 ), corresponding to nucleotides 221-1074 of p80 ('33 kDa), and primer pair #2; p80 partial rec 5 0 (5 0 -CTGAACCATATGAATTTTGCTATTC-3 0 ) and p80 3 0 ORF (5 0 -AATGGATCCTTAATAGGTTGTTTG-3 0 ), corresponding to nucleotides 1448-1891 of bovine SPAM1 ('19 kDa). These combinations of primers cover, respectively, the N-and C-terminal sequences of bull SPAM1 on either sides of the protein transmembrane domain (Fig. 1A) . The p80 5 0 ORF and p80 partial rec 5 0 primers were designed to introduce the Nde1 restriction site (bold letters), while the p80 partial rec 3 0 and p80 3 0 ORF primers were designed to introduce a stop codon and the BamH1 restriction site (bold, underlined) for directional insertion in the vector. At the N-terminal extremity, a stretch of 10 histidine residues and 11 other amino acids encoded by the vector were added to our protein sequences. Plasmids were transformed in Escherichia coli DH5a cells, and the accuracy of the sequence was confirmed.
The recombinant proteins were expressed in E. coli BL21 (DE3) cells. The expression was induced using 1 mM isopropyl-thio-b-D-galactoside at 378C for 1 h. The cells were next centrifuged, resuspended in SDS-PAGE sample buffer (2% SDS, 10% glycerol, 62.5 mM Tris-HCL [pH 6.8], 50 mM DTT), and heated at 1008C for 5 min. The protein extracts were separated by electrophoresis on a 15% SDS polyacrylamide gel [23] , and transferred onto nitrocellulose membrane [24] for Western blot analysis. The membranes were blocked with 5% defatted dry milk in Tris-buffered saline-Tween (TBST; 0.9% NaCl, 20 mM Tris-HCl [pH 7.6], and 0.1% Tween-20) for 1 h at room temperature, then probed for 1 h with either the mouse monoclonal antibody, 203-7D10, or the rabbit polyclonal antibody, anti-p80. Following several washes in TBST, membranes were incubated for 1 h with HRP-coupled secondary antibodies. Following extensive washes, the positive bands were revealed by ECL. The position of bull SPAM1 partial recombinant proteins was confirmed by Western blot using a monoclonal anti-His-tag antibody. Subsequently in this article, according to the results shown in Figure 1 , the monoclonal 203-7D10 and the polyclonal anti-p80 antibodies will be referred to as N-terminal and C-terminal antibodies, respectively.
Immunolocalization of Bovine SPAM1 on Ejaculated Spermatozoa
Freshly ejaculated bull semen, kindly donated by L'Alliance Semex Inc. (St.-Hyacinthe, PQ, Canada), was collected at an artificial insemination facility (CIAQ Inc., St.-Hyacinthe, PQ, Canada) and transported at 238C to the laboratory (2.5 h). On arrival, 1 ml of semen was centrifuged (500 3g, 5 min) to remove the seminal plasma, and spermatozoa were resuspended in 1 ml of PBS (137 mM NaCl, 8.1 mM Na 2 HPO 4 , 2.7 mM KCl, and 1.5 mM KH 2 PO 4 ). They were next washed by three centrifugations (500 3 g, 5 min), and sperm concentration was evaluated using a hematocytometer. A total of 35 ll of a 20 3 10 6 spz/ml suspension was placed on poly-L-lysine-coated coverslips and allowed to settle at room temperature for 30 min. Sperm on the coverslips were fixed for 15 min at room temperature with 3.7% formaldehyde, washed three times with PBS, then permeabilized for 15 min with 0.2% Triton X-100. Nonspecific binding sites on the coverslips were blocked with PBS containing 1% bovine serum albumin (BSA), and the cells were next incubated with the N-or C-terminal antibodies. Commercial nonimmune mouse or rabbit IgGs were used as negatives controls. After three washes in PBS, spermatozoa were incubated with either an Alexafluor 488-conjugated goat anti-mouse IgG, or with goat anti-rabbit IgG conjugated with FITC or rhodamine. The coverslips were next washed three times in PBS and mounted on slides with DABCO (220 mM 1,4diazabicyclo[2,2,2]octane in 90% glycerol) as antibleaching agent. To evaluate SPAM1 localization after acrosome reaction, sperm were capacitated for 5 h at 398C in Sp-TALP supplemented with 10 lg/ml of heparin [25] prior to the addition of calcium ionophore A23187 (5 lM final concentration) and a further 30 min incubation. Spermatozoa were next washed twice in PBS and processed for indirect immunolocalization. To assess sperm acrosomal status, the coverslips were next incubated with PNA-FITC, washed in water, and finally mounted on slides with DABCO. Spermatozoa were observed by epifluorescence microscopy with proper filters for immunolocalization and acrosomal status.
The localization of SPAM1 was also determined in unfixed, nonpermeabilized, live spermatozoa. Sperm suspension (50 3 10 6 spz/ml) was incubated for 2 h at 398C in Sp-TALP medium added with either the N-terminal, the Cterminal, or commercial nonimmune mouse or rabbit IgGs. Spermatozoa were washed twice with Sp-TALP by centrifugation, then incubated with Alexafluor 488-conjugated goat anti-mouse IgG or an FITC-conjugated goat anti-rabbit IgG in Sp-TALP for 2 h at 398C. After two more washes in PBS, the cells were resuspended in PBS, deposited between slide and coverslip, and observed with epifluorescence microscopy.
Isolation of Bovine SPAM1
To isolate and purify bull sperm SPAM1, the semen was cooled for 15 min on ice to immobilize the cells. Spermatozoa were next washed twice with Hepes buffered saline (10 mM Hepes [pH 7.2], 150 mM NaCl) by centrifugation (1000 3 g, 5 min, 48C), then resuspended in coupling buffer (100 mM Na 2 HPO 4 , 0.05% sodium azide, pH 7.4) containing protease inhibitors (100 lg/ml each of aprotinin, leupeptin, and pepstatin A, and 0.25 mM PMSF). The sperm suspension was sonicated on ice (three times, 30 sec each, Ultrasonic Processor, 50% duty cycle), then centrifuged (2000 3 g, 10 min, 48C) to pellet most of the heads. The supernatant was next ultracentrifuged (100 000 3 g, 60 min, 48C) to remove the membranes, pieces of the flagella, and any particulate materials. The soluble protein fraction was deposited on pre-equilibrated affinity columns made with protein A agarose beads coupled to the IgGs from the N-terminal antibody, according to the previously described procedure [26] , or an affinity column, AMINOLINK resin (Pierce), made with the IgGs from the C-terminal antibody. The suspension was incubated overnight at 48C with the beads of either column with end-over-end rotation. In each column, the matrix was allowed to settle, and the unbound material was collected and kept for further analysis. The columns were washed with diluted coupling buffer (20 mM Na 2 HPO 4 , 0.01% sodium azide) containing protease inhibitors. The proteins were next eluted with seven 1-ml fractions of glycineHCl (100 mM [pH 2.8]) in tubes containing 50 ll Tris-HCl (1 M [pH 9.0]). Positive protein fractions were either precipitated with trichloroacetic acid (TCA), solubilized, and pooled in electrophoresis sample buffer, and separated by SDS-PAGE, or pooled and concentrated on amicon YM-5 (Millipore, Billerica, MA). The purified proteins were visualized by silver staining of the 272 gels, and the concentrated proteins were used in the sperm/zona pellucida binding assay.
SPAM1 Deglycosylation
Sperm soluble protein fractions were deglycosylated under native and denatured conditions using an enzymatic protein deglycosylation kit according to the manufacturer's protocol (Sigma). Briefly, 100 lg of sperm proteins or Cterminal affinity-purified protein were dissolved in deionized water, 53 reaction buffer, denaturation solution, and deglycosylation enzymes were added to the purified proteins for native deglycosylation, while total sperm proteins were heated for 5 min at 1008C, then cooled to room temperature before addition of Triton X-100. For each condition, PNGase F, O-glycosidase, a-2 (3, 6, 8, 9) neuraminidase, b(1-4)galactosidase, and b-N-acetylglucosaminidase were used for total deglycosylation; only PNGase F was used for N-deglycosylation, while it was omitted for O-deglycosylation. Enzymatic deglycosylation proceeded at 378C for 3 h for denatured samples, and over 5 days for the native samples. Total, N-, and O-deglycosylated proteins were either used for sperm/zona pellucida binding assay or processed for SDS-PAGE and transferred onto nitrocellulose membrane. Western blot analyses were done using the N-and C-terminal antibodies, as described above.
Identification of Bovine SPAM1
The presence of SPAM1 was assessed on protein extracts from epididymal fluid, as well as from epididymal and ejaculated spermatozoa by Western blot after SDS-PAGE, as previously described [11] , or after two-dimensional (2D) electrophoresis of protein extracts from testicular germ cells and ejaculated sperm soluble fractions. For 2D electrophoresis, 100 lg of proteins from testicular germ cells were precipitated in TCA and resuspended in isoelectric focusing buffer containing 8 M urea, 4% CHAPS, 0.5% IPG buffer (Amersham), 50 mM DTT, and Bromophenol blue. The proteins were then separated on a 3-10 linear pH gradient Immobiline Dry-Strip, according to the manufacturer's instructions (IPGphor IEF System; Amersham). For the second dimension, the proteins were separated on 7.5% SDS polyacrylamide gels. The gels were stained with Coomassie brilliant blue G-250 or transferred onto nitrocellulose for Western blot analysis, as previously described. The positive spots revealed by Western blot were identified on the stained gel and excised for MALDI-TOF and LC/MS/MS analysis (Service de protéomique de l'Est du Québec, PQ, Canada).
RNA Isolation, cDNA Synthesis, and PCR Amplification
Total RNA from bull testis, caput, corpus and cauda epididymides were extracted using TRIzol reagent according to the manufacturer's protocol. The RNAs were treated with RNase-free DNase; 100 ng of RNA was reverse transcribed using Superscript III and polyd(T) [12] [13] [14] [15] [16] [17] [18] as the starting primer. PCR was performed with 2 ll of first-strand cDNA using 200 lM dNTPs, 250 lM each of forward (Frap-for, 5 0 -GAYTTYAGAGCACCYCCYCTNAT-3 0 ) and reverse primers (p81int-rev, 5 0 -CCAGGTAGGCCTCCAGTTTTC-3 0 : or p80 3 0 ORF, 5 0 -AATGGATCCTTAATAGGTTGTTTG-3 0 ), 3% DMSO in a final reaction volume of 50 ll, containing 1 U of Phusion DNA polymerase. PCR proceeded for 35 cycles (10 sec denaturation at 988C, 30 sec annealing at 608C, and 30 sec elongation at 728C) after an initial 30-sec denaturation step at 988C. This was completed by a further 10 min elongation at 728C with Taq DNA polymerase. Amplificons were visualized on agarose gels containing ethidium bromide.
Oocyte Recovery and Maturation
Bovine ovaries were collected at a local slaughterhouse and transported to the laboratory in 0.9% NaCl aqueous solution containing antimycotic agents. Cumulus-oocyte complexes (COCs) from 3-to 6-mm follicles were collected with an 18-gauge needle attached to a 10-ml syringe. Healthy COCs with at least five layers of cumulus cells were selected for in vitro maturation after three washes in Hepes-buffered Tyrode lactate medium [25] supplemented with 0.3% BSA (fraction V), 0.2 mM pyruvic acid, and 50 lg/ml gentamycin. Groups of 10 COCs were placed in 50-ll droplets of maturation medium (synthetic oviductal fluid [27] supplemented with 10% fetal calf serum [Medicorp, Montreal, PQ, Canada], modified Eagle medium essential and nonessential amino acids [Gibco BRL, Burlington, ON, Canada], 1 mM glutamine, 0.5 lg/ml FSH, 5 lg/ml LH, and 1 lg/ ml 17b-estradiol) under mineral oil. Oocyte maturation proceeded for 24 h at 398C and 5% CO 2 in a humidified atmosphere. Metaphase II (MII) oocytes were collected and mechanically denuded from their cumulus by repetitive pipetting. They were next washed at least three times with in vitro fertilization (IVF) medium [25] supplemented with 0.6% fatty acid-free BSA (Sigma), 0.2 mM pyruvic acid, 10 lg/ml heparin, and 50 lg/ml gentamycin. The MII oocytes were then processed for sperm/zona binding assay.
Sperm/Zona Binding Assay
For zona binding assay, groups of five matured oocytes were added to 48-ll droplets IVF medium under mineral oil containing affinity-purified SPAM1, N-terminal, or C-terminal antibodies (10 lg/ml final concentration) prior to sperm addition. Frozen straws containing pooled semen from five bulls (CIAQ Inc.) were thawed in a 378C water bath for 1 min, semen was deposited on top of a 45% Percoll (GE Healthcare Bio-Sciences Inc., Baie d'Urfé, PQ, Canada) layer, and centrifuged at 700 3 g for 20 min at 258C. The sperm pellet was resuspended in 10 ml of Sp-TALP medium supplemented with BSA and sodium pyruvate, and centrifuged at 500 3 g for 10 min at 258C. The supernatant was discarded, and the spermatozoa were resuspended in IVF medium to obtain a final concentration of 6.25 3 10 6 sperm cells/ml. A 2-ll aliquot of the sperm suspension was added to each droplet, and gamete coincubation proceeded in a humidified atmosphere at 398C in 5% CO 2 for 6 h to allow sperm capacitation and sperm/egg interaction. The eggs were washed twice in IVF medium, followed by a wash in PBS, and were then deposited on poly-L-lysine hydrobromide-coated coverslips. They were next fixed with 2% paraformaldehyde, washed three times with PBS, and then mounted on slides with VECTASHIELD HardSet Mounting Medium containing 4 0 ,6 0 -diamidino-2-phenylindole to stain sperm nuclei (Vector Laboratories, Burlingame, CA). All the sperm bound to the zona pellucida were counted by fluorescence under UV illumination at 4003 magnification. In a second set of experiments, the eggs were incubated for 2 h with native, total, N-deglycosylated, or Odeglycosylated bull sperm SPAM1 (100 ng/ml), or with deglycosylation buffer and enzymes as controls. They were next washed twice to remove proteins that did not adhere to the zona pellucida, and then put in a 48-ll droplets IVF medium to which sperm was added. The experiment next proceeded as described above.
RESULTS

Characterization of the Bull SPAM1 Antibodies
In order to predict the orientation of bovine SPAM1 in the sperm membrane, we first had to determine which domain of the protein was recognized by our antibodies. Western blot analysis on recombinant proteins corresponding to the N or C termini of bull SPAM1 clearly showed that the monoclonal 203-7D10 antibody strictly recognized the N-terminal portion of bull SPAM1 (Fig. 1B, lane 2) , while our rabbit polyclonal anti-p80 antibody strictly recognized the C-terminal portion of the protein (Fig. 1C, lane 3) . Specific detection of the recombinant protein by the antibodies was confirmed using the anti-His-tag antibody, which detected both recombinant proteins by their histidine tail in transformed cells, and failed to detect any proteins in nontransformed induced bacteria (Fig.  1D, lane 1) . These results indicate that the antibodies would recognize bull sperm SPAM1 through protein domains located on either side of the transmembrane domain: 203-7D10 being specific to the hyaluronidase domain (N terminal), and anti-p80 directed specifically to the C-terminal domain of bovine SPAM1. This latter domain contains the putative O-linked glycosylation stretch (Fig. 1A) . Hereafter, these two antibodies are referred to as the N-terminal and C-terminal antibodies, respectively.
Orientation of Bovine SPAM1 within the Sperm Membrane
The orientation of bull SPAM1 in the membrane of ejaculated sperm was assessed by indirect immunofluorescence on permeabilized or nonpermeabilized cells. Using the monoclonal N-terminal antibody, which recognizes the hyaluronidase domain, a positive signal was observed in the postacrosomal portion of the untreated living sperm (Fig. 2) . When the cells were fixed and permeabilized, the N-terminal antibody also displays a positive staining in the acrosomal area. Conversely, our C-terminal antibody, directed against amino acids 535-550 of the protein, detected the protein strictly in the acrosomal portion of permeabilized spermatozoa (Fig. 2) . This antibody failed to detect any bovine SPAM1 in the postacrosomal region of the head in both permeabilized and nonpermeabilized living sperm. Furthermore, in acrosomereacted sperm, the positive signal observed with the C-terminal antibody in the acrosomal portion was lost (Fig. 3C) . Unexpectedly, in sperm incubated for 5 h in the absence or presence of heparin (data not shown), or those treated with A23187, positive labeling was observed in the flagellum (Fig.  3B) . No signal was detected when commercial mouse or rabbit IgGs were used as negative control (data not shown).
Protein Purification and Identification
The inability of the C-terminal polyclonal antibody to detect any protein in the postacrosomal area of fixed/permeabilized sperm suggests that the two antibodies recognize either different isoforms of bull sperm SPAM1 or two different proteins. Affinity chromatography columns were prepared with the IgGs from each antibody to enrich their antigenic protein for identification. As shown in Figure 4 , a major 80-kDa 
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protein was enriched when the cytosoluble fraction of ejaculated sperm was subjected to the affinity column coupled to the polyclonal C-terminal antibody (Fig. 4A) , while two major bands, closely migrating at 80 and 70 kDa, were enriched using the affinity column coupled to the monoclonal N-terminal antibody (Fig. 4B) . These results were confirmed by Western blot on sperm cytosoluble proteins separated by 2D electrophoresis. Two different spots were detected using the Nterminal antibody, while only one, the heaviest, was detected when the same membrane was reprobed with the C-terminal antibody (Fig. 5, A and B) . These two bands did not result from different glycosylation patterns of the proteins, since 2D electrophoresis of deglycosylated soluble sperm proteins also revealed isoforms of different masses when subjected to the Nterminal or C-terminal antibodies (data not shown).
In order to clearly identify the two proteins recognized by the antibodies, 2D electrophoresis was performed on cytosoluble bull sperm protein fraction followed by LC/MS/MS analyses on the spots identified by each of the two antibodies. The peptides obtained were compared to the amino acid sequences of p80 [11] and the previously reported soluble testicular bovine hyaluronidase [28] . As shown in Table 1 , the 80-kDa protein generated 39 unique peptides that positively matched the bovine SPAM1 amino acid sequence with 43% coverage. When compared to the soluble testicular hyaluronidase, 38 unique peptides were present in the sequence, corresponding to a 43% coverage. In contrast, the 70-kDa protein yielded 31 unique peptides that covered 38% of the amino acid sequence of p80, and 34 peptides that covered 40% of the soluble testis hyaluronidase. The low yield of protein coverage could be explained by the fact that ejaculated bull sperm SPAM1 is N-and O-glycosylated (Fig. 6 ). This could either interfere with the cleavage process during the enzymatic digestion of the protein, or strongly affect the mass of the resulting peptides that would not match any mass in proteome databases. The peptides from the 70-kDa protein strictly matched to common sequence shared by the bovine SPAM1 and the soluble testis hyaluronidase, whereas three peptides from the 80-kDa proteins corresponded to amino acids 529-548 of bovine SPAM1, which is specific to the protein and absent from the soluble testis hyaluronidase (Table 1) .
Experiments were next performed to determine whether both forms of the protein share the same origin. Bidimensional electrophoreses were performed on bull testicular germ cells to investigate whether the two forms are expressed in the testis and, most likely, during spermatogenesis. As expected, results clearly show the C-terminal antibody detecting a single protein as observed in sperm, which correspond to the heaviest (80 kDa) form of the protein (Fig. 7A) . When the N-terminal monoclonal antibody was used, although several other nonrelated protein spots were seen, only one form of SPAM1, the same as that recognized by the C-terminal antibody, was detected (Fig. 7B ). This suggests that the smallest form is not expressed during spermatogenesis. Nonetheless, the identity of the other testicular proteins that reacted with the N-terminal antibody, which was not specifically raised against bull SPAM1, is unknown. Experiments were next designed to determine whether the smaller form of the protein originates from the epididymis and then binds to sperm during their epididymal transit. Western blots were performed on epididymal spermatozoa and fluid. Interestingly, although the Nterminal antibody recognized the SPAM1 protein in both sperm and fluid collected from the epididymis (Fig. 8, C and D) , the C-terminal antibody detected the protein exclusively in sperm from the caput, corpus, and cauda epididymal sections (Fig.  8B ), but failed to detect any protein in the epididymal fluid (Fig. 8A) . This strengthens the hypothesis that testicular SPAM1 differs from the protein detected in the epididymis, and this difference might result from the difference in the Cterminal portion of the protein.
These results were confirmed by PCR on cDNA prepared from the testis and caput, corpus, and cauda epididymal tissues. As expected, a 357-bp product from the hyaluronidase domain of the protein was detected in the testis as well as in the three parts of the epididymis (Fig. 9) . Unlike what was observed in the testis, no PCR product was amplified (1563 bp) when the same 5 0 oligonucleotide primer was used in combination with one encoding the end of the ORF of the bull sperm SPAM1 protein (Fig. 9 ). This amplified PCR product contains the nucleotide sequence encoding for the immunizing peptide used for the C-terminal antibody. Therefore, this result is in perfect agreement with the absence of proteins detected by the Cterminal antibody on epididymal fluid protein extract. All these results suggests that the two proteins recognized by the N-and C-terminal antibodies are different isoforms of SPAM1 with different origins: one from the testis, and one from the epididymis. These two isoforms have different C-terminal extremity.
Sperm/Zona Binding Assay
In order to determine whether bull sperm SPAM1 interacts with the zona pellucida, and which domain of the protein is responsible for this interaction, binding assays were performed using in vitro-matured eggs coincubated with sperm in the presence of anti-SPAM1, targeting either the N-or C-terminal domains of the protein. As shown in Figure 10 , the N-terminal (hyaluronidase) antibody reduced sperm/zona binding by about   FIG. 5 . Immunodetection of the two SPAM1 isoforms from bull sperm cytosoluble proteins using the C-terminal (A) or the N-terminal (B) antibodies. Sperm proteins (100 lg) were subjected to 2D electrophoresis (A and B), then transferred onto nitrocellulose membranes in order to perform Western blot analysis. The molecular weight standards (kDa) and isoelectric point (pI) are indicated on each panel. On the other hand, the antibody directed against the C-terminal domain of the protein reduced the sperm binding to the zona pellucida by 85%, which contrasts with the 10% inhibition observed when commercial rabbit IgGs were used as a control. These results strongly suggest that the C-terminal portion of bull sperm SPAM1 is involved in the interactions with the zona pellucida. In order to further characterize the involvement of SPAM1 in sperm/zona pellucida interactions, binding assays were also performed using eggs preincubated with bull sperm SPAM1 affinity purified using the C-terminal antibody. When in vitromatured eggs were incubated with 100 ng/ml SPAM1 before the addition of sperm suspension, a 50% decrease in sperm binding was observed compared with the control (Fig. 11) . A stronger inhibitory effect was also noticed when SPAM1 was used at 1 lg/ml (data not shown). Since the eggs were washed before being transferred to droplets containing spermatozoa, but devoid of added SPAM1, it is assumed that the decrease in sperm binding observed in our assay was due to the presence of SPAM1 bound to putative recognition sites at the surface or within the zona pellucida. Moreover, when sperm were added to the pretreated eggs without change of the medium and further washing, sperm binding to the eggs was lower (data not shown).
The importance of protein glycolysation in the SPAM1 effect on sperm/egg binding was next assessed. As shown in Figure 12 , protein deglycosylation-total, N, or O, directeddid not affect the inhibition mediated by purified bull sperm SPAM1. Under each condition, '50% inhibition in sperm binding to zona pellucida was observed. No inhibition in sperm binding was observed when the eggs were pretreated with the deglycolysation buffer (data not shown). These results clearly indicate that SPAM1 mediates sperm binding to the zona pellucida, regardless of its glycosylation status.
DISCUSSION
The original goal of this study was to determine the orientation of SPAM1, previously named p80, within the bull sperm membrane in order to understand how the protein acts as a hyaluronidase and a putative zona pellucida binding protein.
As previously reported, SPAM1 is a bifunctional protein that achieves its roles through two distinct domains located in the N-terminal (hyaluronidase) and C-terminal (zona pellucida binding) portion of the protein [16] . In most species, this protein is anchored to the membrane by a GPI anchor in its Cterminal extremity. However, experimental approaches and analyses of the deduced amino acid sequence strongly suggest that bull sperm SPAM1 lacks a GPI anchor [10, 11] , but rather contains a transmembrane domain that separates the hyaluronidase activity from the zona pellucida binding sites. Therefore, it was important to determine the orientation of the protein in the sperm membrane in order to understand how SPAM1 is effectively involved during fertilization.
When live sperm were incubated with the N-terminal antibody that reacts with the hyaluronidase domain of the protein, SPAM1 was detected in the postacrosomal region of the sperm head, whereas no signal at all was obtained with the C-terminal antibody. This indicates that the hyaluronidase domain of bull SPAM1 is expressed at the surface of the postacrosomal region of the head to facilitate its interaction with the hyaluronic acid present in the cumulus surrounding the egg. Conversely, the C-terminal portion of the protein was detected only on fixed/permeabilized cells, and was restricted to the acrosomal region of the head. Interestingly, the antibody that recognized strictly the N-terminal portion of SPAM1 detected the protein in the acrosomal and postacrosomal region of the head of fixed/permeabilized sperm. These results clearly indicate that, in the acrosomal region of bull spermatozoa, neither the N-nor the C-terminal portions of SPAM1 is exposed to the extracellular environment. This suggests that 
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277 this SPAM1 population is involved during the sperm interaction with the zona pellucida that occurs during or following the acrosome reaction. However, when sperm were acrosome reacted, no SPAM1 was detected in the anterior portion of the head, which suggests that SPAM1 is either associated with the outer acrosomal membrane and/or present within the acrosomal content that is released during the acrosome reaction. Therefore, SPAM1 could be associated with the plasma membranes/outer acrosomal membranes hybrid vesicles produced during the acrosomal exocytosis, and could be involved in the sperm binding to the zona pellucida, as reported for zonadhesins, the proteins involved in the species-specific interaction between spermatozoa and zona pellucida [29] . There is growing evidence that acrosomal exocytosis is not an ''all or nothing'' event, but rather proceeds gradually, allowing proteins from the acrosomal matrix to interact with the zona pellucida [30] . Surprisingly, even in permeabilized sperm, no signal was detected in the postacrosomal region of the head when the antibody directed against the C-terminal portion of the protein was used. Two hypotheses can explain this discrepancy. First, the antibody directed against SPAM1 N terminus recognizes two isoforms of bovine SPAM1 that differ in their C terminus; second, a subpopulation of the protein, present in the postacrosomal region of the sperm head, lost its C-terminal domain through proteolytic cleavage or other mechanism that needs to be further investigated. To solve this question, sperm proteins were enriched on affinity columns coupled with either of the two antibodies. As shown in Figure 4 , the N-terminal antibody clearly bound two major proteins, whereas only one was observed when the affinity column was coupled to the Cterminal antibody. This result is in complete agreement with results obtained by Western blots after the 2D electrophoresis of sperm proteins (Fig. 5) . The N-terminal antibody detected an 80-and a 70-kDa protein, whereas the C terminus antibody detected strictly the 80-kDa protein. Differences between the two proteins recognized by the antibodies were also noted when sperm cytosolic fraction was subjected to N-and Odeglycosylation treatment prior to 2D electrophoresis (data not shown). This result rules out the possibility that glycosylation masks the antigenic site for the C-terminal antiboby in the SPAM1 postacrosomal population. Furthermore, this indicates that a difference in the glycosylation patterns does not explain the difference in the proteins detected by the two antibodies.
It was important to assess the similarity of the two proteins recognized by the N-terminal antibody, and to characterize the differences between the two putative isoforms. As revealed by the LC/MS/MS analysis using trypsin and Endo-Lys C, most of the peptides were present within the published deduced amino acid sequence of bovine SPAM1 [11] , confirming its accuracy. The relatively low percentage of protein coverage (;40%) in the LC/MS/MS experiments can be explained by the high degree of protein N-and O-glycosylation of bull SPAM1 (Fig.   FIG. 9 . PCR amplification of the cDNA encoding for the full-length (1563 bp, upper lane) and a portion of the hyaluronidase domain of the SPAM1 protein (357 bp, bottom lane). The RNA isolated from bull testis, caput, corpus, and cauda epididymides were treated with RNase-free DNase and reverse transcribed using a poly d(T) [12] [13] [14] [15] [16] [17] [18] oligonucleotide primer. Fragment of the bovine b-actin cDNA was amplified to certify the amount of cDNA used in each condition (data not shown). Commercial mouse or rabbit IgGs (10 lg/ml final concentration) were used as negative controls. Sperm/egg coincubations conducted in the absence of antibody were used as positive control (CTL), and the number of sperm bound to the eggs was set at 100% in each experiment. Sperm and eggs were allowed to interact for 6 h, then the eggs were washed and fixed with paraformaldehyde. In each condition, the number of spermatozoon bound to the zonae was expressed as the percentage of the number found in the control. The experiment was repeated three times, and the total number of eggs is indicated between parentheses above each graph bar. **Significantly different from the values obtained in the absence of antibody (P , 0.01) and with commercial rabbit IgG (P , 0.05) using the Tukey multiple comparison test after ANOVA. (8 and 14 putative sites, respectively [11] ) were obtained. When the 70-and 80-kDa proteins were compared, most of the generated peptides were shared by the two proteins, confirming their high degree of identity. On the other hand, when compared to the 80-kDa protein, the 70-kDa protein lacks few peptides of bull SPAM1, although the most striking difference was found in the C-terminal extremity of the protein. In the 70-kDa isoform, there was no peptide corresponding to amino acids 529-548 of the published bovine SPAM1 sequence [11] . By homology search in protein databases, this amino acid sequence is specific to the protein. When compared with the bovine SPAM1, the amino acid sequence of a commercial soluble bull testis hyaluronidase [28] is 19 amino acids shorter, and also differs from amino acid 519 to 534 in its C-terminal end. Unfortunately, because of its amino acid composition and the proteolytic enzymes used in our LC/MS/MS analysis, we could not expect any peptide matching in the C-terminal sequence of the soluble testis hyaluronidase.
The next step was to determine the origin of the difference between the two SPAM1 isoforms recognized by the N-and Cterminal antibodies. Because the entire coding sequence of bovine SPAM1 was obtained from the RNA isolated from the testis, as well as from haploid germ cells [11] , testicular germ cells were first investigated. After 2D gel electrophoresis of testicular germ cell proteins, both antibodies recognized the same protein, which corresponds to the isoform detected by the C-terminal antibody in ejaculated sperm (compare Fig. 5A with Fig. 7, A and B) . This suggests that the 70-kDa isoform that was recognized strictly by the N-terminal antibody in mature spermatozoa does not originate from the testis during spermatogenesis. Since mouse SPAM1 is also secreted by the epididymis and binds to sperm via a lipid anchor [12, 31] , we next investigated whether the 70-kDa isoform of SPAM1 present on the postacrosomal surface of bull spermatozoa originates from the epididymis. As previously shown [11] , the   FIG. 11 . Inhibition of sperm binding to zona pellucida by purified bull sperm SPAM1. In vitro-matured and denuded eggs were incubated for 2 h in the presence or absence (control [CTL]) of 100 ng/ml bull sperm SPAM1 before being washed, then added to spermatozoa. Sperm/egg coincubation lasted for 6 h; the eggs were then washed and fixed with paraformaldehyde. The number of spermatozoa bound to the zonae were counted and expressed as a percentage of the number obtained in the control. Binding assays were repeated six times, and the total number of eggs is indicated in parentheses above each bar. *Significantly differs (P ¼ 0.01) from the value obtained under control condition using paired t-test. A photograph of an egg with bound spermatozoa under each condition is also shown. Original magnification 3400.
FIG. 12.
Effect of deglycosylated SPAM1 on sperm binding to the zona pellucida. Denuded, matured eggs were incubated for 2 h in the presence or absence (control [Ctl]) of deglycosylated (total, N-, and O-) purified bull sperm SPAM1 (100 ng/ml). At the end of this preincubation, they were washed then added to spermatozoa. Eggs and sperm were allowed to interact for 6 h, and were processed as described in Figure 11 . This experiment was repeated three times, and the total number of eggs is indicated in parentheses above each bar. *Significantly different (P , 0.05) from the value obtained under control conditions using the Tukey multiple comparison test after ANOVA.
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N-terminal antibody detects the protein in the epididymal fluid as well as in the sperm cells, whereas the SPAM1 C-terminal antibody detects the 80-kDa isoform strictly in the proteins extracted from the epididymal sperm cells (Fig. 8) . This result strongly suggests that, in the bull epididymis, mostly in the caput and corpus sections, SPAM1 protein is secreted and has a C-terminal extremity that differs from the one produced in the haploid germ cells. This is further supported by the absence of PCR amplification of the entire coding sequence of the 80-kDa SPAM1 isoform using the cDNA synthesized from epididymal (caput, corpus, and cauda) RNA, while successful amplification of a 357-bp sequence from bull sperm SPAM1 hyaluronidase domain, which is common to both isoform, was achieved using the same cDNAs (Fig. 9) . In these experiments, the forward (5 0 ) primer was the same, and only the reverse (3 0 ) primer was different. So far, there is no explanation for the reduced level of SPAM1 in the fluid isolated from the caudal portion of the epididymis. According to the RT-PCR experiments, the transcript is present in this region of the epididymis, but it remains to be determined whether the protein is translated and/or secreted. Another explanation would be that, in this section of the epididymis, most of SPAM1 is associated with the sperm cells, and not in solution. According to the results presented here, it is hypothesized that the protein secreted by the epididymal cells would bind to the postacrosomal surface of the sperm head during their epididymal transit. However, as bovine SPAM1 lacks a GPI anchor [10, 11] , the question of how this protein would be integrated in the sperm membrane has yet to be answered.
Whether the C-terminal difference of the epididymissecreted SPAM1 (70 kDa) results from alternate splicing would require further studies. However, when the SPAM1 coding nucleotide sequence was aligned on the complete bovine genome sequence, it mapped from 99% to 100% on chromosome 4 in three exons. No significant DNA sequences were matched on any other chromosome. On the other hand, the entire Bos taurus genome sequence predicts a protein similar (68%) to SPAM1, XP_586790.3 (http://www.ncbi.nlm.nih. gov), composed of 550 amino acids, which is also encoded on chromosome 4. However, most of the peptides obtained in the LC/MS/MS experiment were absent from this predicted protein. Therefore, as the sequence shared by both 80-and 70-kDa proteins matched only to the unique sequence (of three exons) in the bovine genome, alternate splicing could be responsible for the shorter 70-kDa protein. A differential transcription initiation site has previously been demonstrated in mouse SPAM1 [31] . Nevertheless, in the mouse, this splicing does not affect the sequence of the protein, but strictly the promotor region, unlike what is proposed here, where a portion of the C-terminal sequence is clearly missing for the 70-kDa bovine SPAM1 isoform. In human, two variants of SPAM1 have been detected: GenBank accession no. NM_003117.3/ NP_003108.2 for variant #1 mRNA and protein, and GenBank accession no. NM-153189.1/NP_694859.1 for variant #2 mRNA and protein. Interestingly, the second variant possesses a shorter C-terminal sequence, and the last 14 amino acids differ from the first variant. The second variant appears to originate from an alternate-in-frame splice site in the 3 0 coding region (GeneID accession no. 6677). Whether this mechanism also applies to the bovine SPAM1 remains to be determined. Another possibility would be that bovine SPAM1 undergoes posttranslational modification, such as proteolytic cleavage during sperm epididymal maturation, as previously shown for rat SPAM1 (rat 2B1) [32] . This possibility also needs to be elucidated in the future.
The second part of this study was undertaken to determine whether bull sperm SPAM1 is involved in sperm/zona pellucida interactions. Our results clearly show that SPAM1 plays a role in sperm binding to the egg's zona pellucida, and this effect is mediated through its C-terminal portion. These results are similar to those reported by Hunnicut and colleagues [16] , who first suggested that SPAM1 possesses two distinct domains: a hyaluronidase domain localized in the N-terminal portion, and a zona pellucida binding domain localized in the C-terminal portion of the protein. Furthermore, the same antibody (C terminal) that prevented sperm binding detected SPAM1 strictly in the acrosomal portion of permeabilized spermatozoa. Because of its internal location, SPAM1 would mediate sperm binding during or following the acrosomal exocytosis, suggesting an involvement in secondary binding. On the other hand, as no SPAM1 signal was detected in the acrosomal region of acrosome-reacted sperm, this protein might not be present on the inner acrosomal membrane, which is involved in the secondary binding to the zona pellucida [33] . However, it is not clear whether the loss of SPAM1 in acrosome-reacted sperm results from a technical limitation, as was originally reported with Sp38. This inner acrosomal membrane protein that interacts with ZP2 as a secondary binding protein is lost during ionophore-induced acrosome reaction [34] , but remains associated with the inner acrosomal membrane in sperm that acrosome reacted upon interaction with the zona pellucida, and in those that bound to the oolemma underneath the zona pellucida [35] . Further studies are needed to characterize the interaction of sperm SPAM1 with the zona pellucida in bovine.
In our sperm binding assay conditions, purified SPAM1 was added to the medium that already contained BSA, which argues against a protein-nonspecific effect. This is emphasized by the very small ratio of SPAM1 compared to BSA in the egg incubation medium (100 ng/ml vs. 6 mg/ml, respectively), and the relatively similar mass of the proteins (80 kDa vs. 66 kDa, respectively). Therefore, it can be concluded that sperm SPAM1 has a direct effect on sperm/zona pellucida binding.
The importance of SPAM1 posttranslational modifications in sperm/zona pellucida interaction were next investigated. Bull sperm SPAM1 is highly glycosylated, and its deduced amino acid sequence shows numerous N-and O-glycosylation sites, more specifically in its C-terminal domain, which contains 14 putative O-glycosylation sites within a 22-amino acid stretch [11] . However, protein deglycosylation, either directed toward N-linked oligosaccharides, O-linked oligosaccharides, or complete, did not affect the inhibitory action of purified bull SPAM1 on sperm/zona binding. From these results, it appears that SPAM1 glycosylation is not required for sperm interaction with the zona pellucida.
This study clearly demonstrates that SPAM1 exists as two distinct isoforms in bull spermatozoa. The two isoforms have different origins, and are differently localized on the sperm head. The 80-kDa isoform is localized to the intracellular compartment of the anterior sperm head, and is expressed during spermatogenesis. The second one (70 kDa), which possesses a shorter C-terminal sequence, is localized in the postacrosomal region of the head, with its hyaluronidase domain facing the extracellular environment. It most likely interacts with the hyaluronic acid present in the cumulus matrix as spermatozoa penetrate through it in order to reach the ovulated egg. This SPAM1 population would be secreted by the epididymis, and would be transferred to the sperm surface during their transit in this organ. On the other hand, the 80-kDa isoform would mediate, through its C-terminal domain, sperm interaction/binding with the zona pellucida. This isoform 280 would either be associated with the outer acrosomal membranes or be present in the acrosomal content. During the acrosome reaction, it would remain associated with the hybrid vesicles formed by the fusion of the outer acrosomal and the plasma membranes, or be released in the extracellular environment. This study provides functional information on SPAM1 localization in relation to its hyaluronidase and zona pellucida binding properties during bovine gamete interactions.
